Introduction
Although having made great progress in many applications, such as high magnetic field inserts in magnets at helium temperature and electrical engineering application in low magnetic fields at nitrogen temperature, the high temperature superconductor (HTS) is less commercially viable in mid-and large-scale magnets because of its high cost, low engineering critical current density, mechanical brittleness and low n value compared with conventional low temperature superconductors (LTS). The superconductor with a high n value transfers quicker from superconducting state to the normal conducting state. From the standpoint of application, the transient characteristics strongly affect its stability. With a high current, in the low n value area, flux flow voltage becomes lower than in the high n value area. Generally, it is considered that quenching occurs at a weak point, which is defined as a low I c and low n value area. However, when such transition is observed, it is predicted that the limit current of quenching will be reached sooner for the high n value than for the lower n value (Torii et al., 2001 , Dutoit et al, 1999 . In general, the traditional superconductor has a higher n value than the Bi2223/Ag tape. In order to improve its stability, a LTS is always connected to a conventional conductor with low resistivity and high thermal conductivity, such as copper and aluminum, which then reduces its engineering critical current. To enhance the performance of conventional composite NbTi superconductors with large current capacity (several tens of kA) utilized in large helical devices (LHD), a new LTS/HTS hybrid in which HTS is used as a part stabilizer in place of low-resistivity metals, was proposed (Wang et al, 2004; Gourab et al, 2006; Nagato et al, 2007) . Thus its cryogenic stability against thermal disturbance, steady-state cold-end recovery currents and the minimum propagation currents (MPC) can be greatly improved because the HTS has low resistance and current diffusion which is faster than that in a pure conventional conductor matrix. Electrical field E (mV/cm)
Normalized current density j=J/J c n=1 n H n L Fig. 1 . Schematic E vs J plots of superconductors with n H and n L (n L >n H ), normal metal with n=1 granular properties (Yasahiko et al., 1995; Rimikis et al., 2000) . According to different n values between LTS and HTS shown as Fig. 1 , n=1 refers to the normal conductor according to the Ohm law. We firstly suggested a type of LTS/HTS hybrid composite conductor in 2004 in order to improve the stability of mid-and large scale superconducting magnets, in particular the cryo-cooled conduction superconducting magnet application. Due to the different n values between LTS and HTS, the transport current flows initially through the LTS in the hybrid conductor. If there is a normal-transition in the LTS with some disturbance, the transport current will immediately transfer to the HTS, then the heat generation can be suppressed and full quench may be avoided. On the other hand, since the thermal capacity of HTS is two orders of magnitude higher than that of LTS, temperature rise can be smaller in the hybrid conductor than in the LTS. Therefore, the hybrid conductor can endure larger disturbances and maintain a higher transport temperature margin. In this chapter, we report on the current distribution and stability of a LTS/HTS hybrid conductor by simulation and experiment near in the range of 4.2K.
Numerical models of current distribution and stability

Current distribution
This kind of LTS/HTS hybrid conductor consists of soldering LTS wire and HTS tape together or by directly winding several LTS wires and HTS tapes together in parallel mode. The LTS/HTS superconductor is combination of LTS wire and HTS tapes shown in Fig.2 . According to its processing technology, the LTS/HTS hybrid conductor can be approximately considered to be equivalent parallel circuit consisting of LTS, HTS and metal matrix, shown in Fig. 3 . Let U H , U L , U M be the voltages of the pure HTS, LTS conductors and the normal metal matrix including metal sheath, solder, etc, respectively; and J H , J L , J M the corresponding branch current densities. Those parameters satisfy the following equations
where U c =E c L 0 , E c is critical electric field (E c =E(I c )),and is usually equal to 1.0 µV/cm, L 0 is the length of the hybrid superconductor, n H and n L are the n indices of HTS and LTS, respectively; J cH and J cL are their critical current densities. R M , the resistance of the matrices, is approximately given by
where ρ avg and S M are the effective resistivity and cross-sections of the matrices, estimation of ρ avg is given , shown as Fig. 5 n i avg i i1
where f i and ρ i are volumetric ratio and resistivity of i-th components in matrices except for the LTS and HTS. Since the resistivity of superconductors is more at least one order than the metal conductor, it is reasonable to neglect the resistances of superconductors in this chapter. Based on Eq. (2) 
where I T is total transport current of hybrid conductor, and I H , I L and I M the transport currents through HTS, LTS and matrices, respectively. The temperature dependence of critical currents of LTS and HTS in the hybrid superconductor can be approximately expressed as polynomial expressions with constant coefficients. Then the current distribution can be simulated according to Eq. (8).
Thermal stability
In order to conveniently analyze the thermal stability of the hybrid superconductor under the adiabatic condition, the heat source, made of heater, is located at the center of conductor with 200 mm length, and the length of heaters along the conductor is 10 mm, as schematically shown in Fig. 4 . The length of any segments is much larger than their cross-section and then the physical properties are assumed to be homogeneous over the cross-section. The numerical simulation may be simplified by choosing following one-dimensional, nonlinear, transient, heat balance equation (Wilson, 1983; Iwasa, 1994) ( )
where (γC) avg is average heat capacity (J·m -3 ·K -1 ), k avg the average thermal conductivity (W·m -1 ·K -1 ), Q the joule heat (W) generated in hybrid conductor, G the initial heat disturbance (W) applied by heater, V the total volume of the hybrid conductor and V 0 the volume of hybrid conductor surrounded by heater. Both of average heat capacity and thermal conductivity are estimated according to Fig.5 . Assuming that a composite conductor consists of n kinds of material, the heat capacity of each material is (γ i C i ) in which γ i and C i are mass density and heat specific, respectively, k i and ρ i its thermal conductivity and resistivity, the volumetric ratio of each component to total volume is f i (i=1,2,···n). Fig. 5 is the schematic view of a composite conductor through which the heat Q and current I flow longitudinally. Fig.5 can be equivalent to "serial circuit" models for heat capacity (γC) i and thermal conductivity k i , but parallel circuit model for resistivity ρ i . Then the maximum averages of heat capacity and thermal conductivity are respectively expressed by where f i is volumetric ratio of each component in hybrid conductors, n the number of components, γ i , C i and k i are mass density, heat specific and thermal conductivity of i-th components, respectively. In this chapter, 1 refers to copper, 2 represents NbTi, 3 indicates solder, 4 corresponds to YBCO CC for hybrid conductor made of NbTi/Cu conductor and YBCCO CC. On the other hand, 1 refers to copper, 2 represents NbTi, 3 indicates solder, 4, 5, 6 respectively refer to stainless steel, Bi2223 and silver for the one consisted of NbTi/Cu conductor and Bi2223/Ag tape. In general, if a rectangular pulse disturbance is applied, the heat term G is given by
where t g and x g are the effective time and half length of the heater along the hybrid conductor located its center, here x g =10 mm. I g and R g the current going through the heater and its resistance, respectively. Let T cs be the current sharing temperature, while T>T cs , the Joul heat term Q in (W) is generated by
When the hybrid conductor operates in superconducting state, I M =0; If T cs <T cL , the current distributions are described by 0( )
where v is the longitudinal quench propagation velocity (QPV) along the hybrid conductor length. According to the one-dimensional model shown in Fig. 4 , if the environment temperature is in liquid helium, the boundary and initial conditions are given by
Based on Eq.(13) through (16), the stability characteristics of the hybrid conductor, such as longitudinal quench propagation velocity (QPV) and minimum quench energy (MQE), can be simulated.
Simulation and results
In temperature T (<T cL ), the critical current of this kind of hybrid conductor is defined as
For the sake of convenience, the normalized transport current α=I T /I c is defined and used thereafter. Table 1 lists geometrical and superconducting characteristics of composite NbTi/Cu, Bi2223/Ag by enforced stainless steel, YBCO coated conductor (YBCO CC) and the metal matrices in the hybrid conductor used in the numerical simulation in this paper. The critical currents are given in 4.2 K and magnetic field of 6 T with parallel to their wide surface for reducing their critical currents. In order to make the critical current of HTS comparable with the LTS as soon as possible, two commercial HTS tapes were selected in simulation and experiment (Section 4). 
In 4.2 K and 6 T, the critical current I c is 960 A. With parallel magnetic field 6T, the relation of critical current with temperature in two YBCO CC is approximately described by
where I c (0) is critical current with T=0 K and B=6 T, I c (0)=743 A, T c =93 K is the critical temperature of YBCO CC, I c =700 A is critical currents of two YBCO CC in 4.2 K and 6 T.
Neglecting magnetic field effect, the dependence of resistivity (Ω·m) 
According to Eqs. (2)- (8) and (18)- (21), the current distribution among NbTi, YBCO CC and matrices can be numerically calculated with different transport current I and parallel magnetic field of 6T. In this simulation, n H =12 and n L =30 are adopted and assume that both of them are independence of temperature. Under conditions of normalized transport current α=0.2, 0.4, 0.6, 0.8, the temperature dependence of current distribution among three components are showed in Fig.6 . With α=0.2, shown as in Fig. 6(a) , the simulation results indicate that the current mainly flows in NbTi below 10 K, then transfers from NbTi to YBCO CC near above 10 K, and is totally transported by YBCO in range of 10 K through 60 K after NbTi quenching, then starts to transfer to the metal matrix gradually with temperature increasing. Finally, total current flows into the matrices after YBCO quenching completely. and (d) show the larger normalized transport current, the lower temperature of current beginning to transfer from YBCO CC to the matrices. If I T <I cH , the current variation in the matrices is very flat, but there is a sudden increase which can be observed when I T >I cH , especially at α>0.5. When the hybrid conductor operates below 10 K, the current ratio of NbTi to YBCO CC decreases with increasing of the normalized current and temperature, as indicated in Fig.7 . 3.4 10 8.5 10 7.14 10 2.428 10 (60 300 ) 
The current distributions are numerically calculated in a parallel magnetic field of 6 T by using Eqs. (2)- (7), (17), (19), (20)- (24)" with Q=0 (no disturbance) when the transport current I T is smaller than its critical current in various temperatures below 8K. The results are shown in Fig.8 , in which current distributions among NbTi, Bi2223 and matrices with different temperatures are indicated. It is shown that I L decreases while I H increases with rise of temperature, which is due to the different n values in NbTi and Bi2223/Ag. Although the difference of both critical currents is not large enough at 4.2 K and 6 T, I L is larger than I H when α is smaller than 0.7. The value of I H becomes close to I L when α is close to 0.9 at about 5K, respectively. However, I L approaches to I H at 6.2K with α=0.6, and I L ≤I H holds at 7.8 K for all values of α in the range of 0.1 through 0.9. In order to consider the effect of the matrices on the current distribution with increasing temperature and transport current I T , the current distributions among the NbTi conductor, Bi2223 tape and matrix were also simulated. Current distributions with different α ′s are presented in Figs.9(a) -(c) in range of 4.2 K through 80 K. Fig. 9(a) indicates that I L decreases but I H increases with rise of temperature when α= 0.1. I H reaches a maximum then remains constant in the range of 9.5 K through 70 K while I M is still zero for T≤70 K. If T>70 K, it gradually increases while I H decreases. I L and I H intersect each other at 7.8 K, and I L decreases to zero with temperature increasing to its critical temperature. However, I M appears in temperature T=9.5K when transport current increases to α=0.5, and then it gradually increases with temperature, as shown in Fig. 9(b) . At α=0.9, the current distribution is shown in Fig. 9 (c). Similar to the case of α=0.5, I H reaches its maximum at about 9.5 K then decreases gradually. But there is a difference in I M 's of Figs.9(b) and (c). In Fig.9 (b), I M gradually increases with temperature. However, it has a "knee point" at about 9.5K and its slope dramatically increases between 5.5 K and 9.5K, and then increases at a slower rate due to the large transport current and large n value of NbTi. Comparing with I L , the rate of increase or decrease of I H is lower since Bi2223 has a lower n value.
Stability of the hybrid conductor 3.2.1 Stability of hybrid made of NbTi/Cu and YBCO CC
In order to solve Eq. (15), the heat capacity γC (J·m -3 ·K -1 ) and thermal conductivity k(W·m -1 ·K -1 ) in all of the components including NbTi, YBCO and every kind of matrices must be known. All of them are listed as followings (Fujiwara et al, 1994) i. NbTi 
W i t h u n i t o f J · k g -1 ·K -1 , multiplied by mass density γ NbTi =6550 (kg·m -3 )，(25) can be converted to volumetric heat capacity with unit (J·m -3 ·K -1 ). 
()
ii. YBCO CC 125.2 5.6 1.9 10 (50 100 ) 80 2 3 10 (100 300) 
iv. Solder (Iwasa, 1994; Jack, W. Ekin, 2007) 
With mass density γ solder =7310(kg·m -3) . 
Substituting Eqs. (24)-(31) into Eq.(14) and considering the boundary condition (15) in adiabatic condition, the longitudinal quench propagation velocity (QPV) and the minimum quench energy (MQE) are numerically calculated by finite element method (FEM). www.intechopen.com
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The quench velocities of NbTi, YBCO and hybrid NbTi/YBCO conductor with different transport current ratios α are shown in Fig. 10 , where the longitudinal QPV of NbTi is the maximum, the one in YBCO is minimum, and the QPV in hybrid NbTi/YBCO conductor is in the range of NbTi through YBCO. Therefore, the QPV of the hybrid conductor is neither faster than that of NbTi nor slower than that of YBCO CC, which is very useful for quench detection and protection of superconducting magnets. Fig. 11 . The comparison of the MQE of NbTi, YBCO CC and NbTi/YBCO CC hybrid conductor with different transport currents. Fig. 11 . shows that the MQE of NbTi/YBCO CC hybrid conductor is in range of NbTi through YBCO CC with order of magnitude of mJ (several kJ·m -3 ). When α<0.5, the MQE of the hybrid conductor is parallel to that of YBCO CC. An inflection point is observed in the curve at α=0.5, which is perhaps related to the transport current which exceeds the critical current of NbTi. When α>0.5, the MQE is close to that of NbTi. Generally, the MQE of NbTi/YBCO CC hybrid conductor is much larger than that of pure NbTi, which indicates that the stability of superconductor can be improved compared with pure NbTi/Cu wire.
Stability of hybrid made of NbTi/Cu and Bi2223/Ag tape
In section 3.1.1, the heat capacity and thermal conductivity of NbTi, YBCO, copper and solder are given, we list the heat capacity C (J·kg -1 ·K -1 ·) and thermal conductivity k( 
With mass density γ Bi2223 =6500(kg·m -3 ). 
ii. Silver () ( ) 
With mass density γ Ag =10490 (kg·m -3 ). 
With mass density γ ss =7900(kg·m -3 ).
()
2.7041 10 3.3219 10 0.126 0.1877 4 300
In this section, the longitudinal QPV and MQE are numerically simulated by solving Eq. (8) in combination with Eqs. (10)- (12), (16), (25), (26) and (29)- (38) under adiabatic conditions. Figs.12(a)-(c) show the temperature profiles at locations of 20 mm, 40 mm, 60 mm and 80 mm from the center with different external disturbances and transport currents. The variations of n values with temperature are not considered in simulation. The hybrid conductor was tested in magnetic field of 6 T which was applied for reducing its critical current in measurement. The dependence of n values on temperature is very difficult to obtain by experiment with supplying so high a transport current and background magnet. Therefore, we used the constant n values in simulation. Usually, the n values will decrease with increasing temperature, but we took n values approximately constant with fixed magnetic field regardless of influence of temperature in order to simplify calculation. In future, we should take NbTi and Bi2223 with small I c in experiment within magnet bore in which temperature can be changed. Or the n values are measured by contact-free methods, like those methods adopted in HTS at 77 K (Wang et al, 2004; Fukumoto et al, 2004) . When I T is small (α=0.1) and there is a disturbance G=180mJ (∼192kJ·m -3 ), though the maximum temperature reaches to 35K, the quench doesn't propagate. Once the disturbance disappears, the hybrid conductor recovers to its original state at 4.2 K, as shown in Fig.  12(a) . The reason is that the extra current in the NbTi transfers to the Bi2223 even though the temperature is far above the critical temperature of NbTi, but is still far below the critical current of Bi2223. There is no Joule heat generation in the hybrid conductor even though I T is applied. For disturbances of G=290mJ (∼310kJ/m 3 ) and 2.8mJ (∼3kJ·m -3 ) with transport currents α=0.3 and 0.5, the quench does propagate and the results are shown in Figs. 12(b) and (c) to indicate that the quench process can not recover.
Figs. 13 and 14 present the longitudinal QPV (V Q ) and MQE (Q E )of three types of composite conductors (NbTi, hybrid NbTi/Bi2223 and Bi2223) with different normalized transport current factor α. The longitudinal QPV increases with increasing α. Among the three types of conductors, V q in NbTi/Cu is the largest (∼10 2 m/s), the one in Bi2223 is the lowest (∼10 -2 -10 -1 m/s), but V q in the hybrid NbTi/Bi2223 falls in the range of about 10 -1 m/s through10 m/s for α≥0.4. On the other hand, Q E decreases with increasing α. Q E of Bi2223 is the largest (∼10 3 mJ), the lowest in NbTi (∼10 -2 -1 mJ) and falls on the range of 1 mJ through 10 3 mJ in the hybrid conductor. In the case of α≤0.4, Q E in the NbTi/Bi2223 is more than 100mJ but significantly decreases while α is in the range of 0.4 through 0.5, and then it decreases gradually with increasing α. Nevertheless, Q E of the hybrid conductor is at least more than one order of magnitude higher than the NbTi. Therefore, the stability of the hybrid conductor is improved greatly comparing with the NbTi conductor. More exact simulation should be based on three-dimensional model in which the temperature distribution in cross-section can be numerically analyzed. This method will be used in future research. 
Experiment
The hybrid conductor was prepared by soldering two Bi2223/Ag tapes onto one NbTi/Cu conductor by use of Indium-Silver alloy solder under 200 0 C in order to avoid degradation of Bi2223/Ag tape (Wang, 2009) . One heater and two Rh-Fe thermometers were attached to the hybrid conductor. Next, the hybrid sample was wound by 10 layers of fiber glass tape and then immersed into epoxy resin in order to simulate the quasi-adiabatic environment.
The total length of the hybrid was 900 mm and was wound on a FRP bobbin with diameter of 70 mm. The main parameters of each conductor were also listed previously in Table 1 and the sample is shown as Fig.15 . A schematic diagram of the experimental set-up is illustrated in Fig.16 . The hybrid sample was tested under a background field of 6 T provided by an NbTi NMR magnet with a core of diameter 88.6 mm and homogeneity of 1.7×10 -7 in a 10 mm×10 mm spherical space, which ensured that the sample was located in the same field. The total length of the homogeneity region in axial orientation was 200 mm. The magnet was composed of 3 main coils and 2 compensated coils wound using NbTi/Cu composite wire. The heater, bifilar wound noninductively by copper-manganese wire with a diameter of 0.1 mm, had a resistance of 69.7 Ω at 4.2 K. The tests were performed in a 4.2 K helium bath and the magnet was excited with 6 T in all experiments. The quench voltage and temperature profiles were measured by triggering the heater with rectangular waveforms of different durations and amplitudes. Since 800 A was the limit of our power supply, the maximum transport current in sample was 800 A in this section.
Results and discussions
When a transport current of 400A was supplied in a background magnetic field of 6T, the quench voltage and temperature profiles are shown in Figs. 17 and 18 , respectively,. The duration of power from the heater was 0.4s and the amplitude was 0.3A; therefore, the disturbance energy from the heater was 2.5J. When the heater was triggered, only the central part of the sample quenched, V 1 appeared slightly, but V 2 remained the same. The temperature profiles with a peak of 4.4 K were different from voltages and the temperature of T 2 kept constant, which indicates that the quench recovered and there was no quench propagation during the triggering. In order to measure the quench propagation, the transport current 800 A was applied, the triggering duration and amplitude were 59 ms and 0.1 A, respectively, i.e. the triggering energy is 41.12 mJ. The voltage and temperature profiles are presented in Figs. 19 and 20 . When heater was triggered, three parts of the sample quenched, V 1 is slightly larger than V 2 , the temperature profiles with maximum 11 K are similar to the voltages, which mean that the quench propagates. The order of the V q is 10 m/s which is higher than the Bi2223/Ag tape (Dresner, 1993) . Q E has order of several tens of mJ, which are much larger than those of the NbTi/Cu conductor (Frederic et al, 2006) . On contrary to 400 A, quench propagation does take place; Q E and V q are 41.12 mJ and 10 cm/s, respectively, which qualitatively agree with the simulated results in section 3.2.2 in case of normalized transport current α=0.5, though the experimental results are smaller than simulations. The differences between the experiment and simulation result from the assumptions of adiabatic conditions and constant n values in different temperatures. Practically, the quasi-adiabatic condition in the experiment is just an approximate and dependence of the n values on temperature and magnetic field should be included. In future, an experiment including normal zone propagation (NZP), V q and Q E should be performed by using cryo-cooler and LTS with lower critical current in order to obtain the quench parameters exactly. Furthermore, a threedimensional model should be adopted. The stability of other types of hybrid conductor, such as LTS (NbTi, Nb 3 Sn) /MgB 2 , HTS(BSCCO, YBCO)/MgB 2 and Nb 3 Sn/HTS, could be also needed to study by simulation and experiment. Additionally, the variations of n values with temperature and magnetic field should be taken account into consideration and measured possibly by contact-free methods similar with those used in HTS tapes (Wang et al, 2004; Fukumoto et al, 2004) . This work will need to conduct in near future. 
Conclusions
The current distribution and stability of LTS/HTS hybrid conductor, which is made of NbTi wire and YBCO coated-conductor, are numerically calculated. The results indicate that the current in LTS is larger than in HTS if both of them have the approximate critical currents and the current ratio of NbTi to YBCO CC decreases with increase of transport current and temperature when the hybrid conductor operates. On the other hand, the longitudinal quench propagation velocity is in the range of NbTi through HTS, which is very important for quench detection and protection of superconducting magnets. Finally, the MQE (Q E ) in the hybrid conductor is much higher than in NbTi wire and smaller than in YBCO CC conductor, which shows that the thermal stability of superconductor can be improved. Based on the concept of a hybrid NbTi/Bi2223 conductor and power-law models, the current distribution was simulated numerically. Since NbTi has a higher n value than Bi2223, most of current initially flows through NbTi while the ratio of current in Bi2223 to that in NbTi increases with rise of temperature and transport current below their total critical current. The stability of the hybrid conductor was simulated using one-dimensional model. The results show that the V q of the hybrid conductor is smaller, but the Q E is bigger than NbTi conductor, which indicates that the stability of the hybrid superconducting conductor is improved. Simultaneously, a high engineering current density was also achieved. A short sample, made of Bi2223/Ag stainless-steel enforced multifilamentary tape and NbTi/Cu, was prepared and tested successfully at 4.2 K. The results are in qualitative agreement with the simulated ones. With improving on their stability and engineering critical current compared with conventional LTS and HTS, the hybrid conductors have potential application in mid-and large scale magnet and particularly in the cryo-cooled conduction magnet application. In future, the cryocooler-cooled conduction should be adopted in the experiments, and a three-dimensional model with n values depending on temperature and magnetic field and
